Ferredoxin-NADP + reductase (FNR) catalyses the production of NADPH in photosynthetic organisms, where its 30 FAD cofactor takes two electrons from two reduced ferredoxin (Fd) molecules in two sequential steps, and trans-31 fers them to NADP + in a single hydride transfer (HT) step. Despite the good knowledge of this catalytic machin-32 ery, additional roles can still be envisaged for already reported key residues, and new features are added to 33 residues not previously identified as having a particular role in the mechanism. Here, we analyse for the first 34 time the role of Ser59 in Anabaena FNR, a residue suggested by recent theoretical simulations as putatively in-35 volved in competent binding of the coenzyme in the active site by cooperating with Ser80. We show that 36 Ser59 indirectly modulates the geometry of the active site, the interaction with substrates and the electronic 37 properties of the isoalloxazine ring, and in consequence the electron transfer (ET) and HT processes. Additionally, 38 we revise the role of Tyr79 and Ser80, previously investigated in homologous enzymes from plants. Our results 39 probe that the active site of FNR is tuned by a H-bond network that involves the side-chains of these residues 40 and that results to critical optimal substrate binding, exchange of electrons and, particularly, competent disposi-41 tion of the C4n (hydride acceptor/donor) of the nicotinamide moiety of the coenzyme during the reversible HT 42 event.
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In the photosynthetic electron transfer (ET) chain of plants, algae 50 and cyanobacteria, the isoalloxazine ring of the FAD cofactor of duces the probability of a too strong stacking interaction between the Ser80 and Ser59 are highly populated (Fig. 1A) [15]. These side-chains 107 also H-bond Glu301, proposed by theoretical and experimental evi-108 dences to switch positions in and out of the active site to provide a path-109 way for proton transfer between the external medium and N5i, via 110 Ser80, during FNR reduction by Fd [14, 27] . This route might also include 111 Ser59, highly conserved in the plant type FNR family (Fig. 1B) [21, 29] .
112
In this study, we further analyse the roles of Ser59, Tyr79 and Ser80
113
in AnFNR during catalysis to better understand the function of the 114 interacting network to which they contribute to within the active site.
115
The presented results provide information about the role of this 
178 179 
pH 7.0, 2 mM EDTA and 100 μM dRf (low ionic strength (I) buffer and the ET rate constant (k et ). by the evolution of the absorption spectra (400-1000 nm) using an Ap- in both directions ( Figure S2C ) [14] . In the simplest case the time-
274
course of the reaction (k A → B ) will be equal to the sum of the rates for 275 the forward (k HT ) HT and reverse (k HT-1 ) HT at equilibrium [14, 39] . In 
287 288
Errors in the determination of these kinetic constants were ±15-
289
20%.
290
Single-wavelength kinetic traces were recorded for accurate esti- 
299
Traces were fit to monoexponential decays to determine k obsHT , 300 k obsHT-1 , k obsDT and k obsDT-1 . Errors in the determination of these kinetic 301 constants were ±10%. The kinetic isotope effects (KIEs) were calculated 302 as: and Δε (see Supplementary material, Figure S1 ). with the lower turnover for this variant in the Cytc reductase activity.
460
However, a linear dependence was observed on the enzyme concentra-461 tion when analysing reduction of S59A AnFNR ox (Fig. 3A) , allowing only 462 estimation of a bimolecular second-order rate constant ( dead time (Fig. 4A and D) , but a slight increase in k HT can be envisaged 
for this variant with respect to WT (Table 5 ). Replacements at Tyr79 and 493 Ser80 produced more evident effects (Fig. 4, of CTC at all were detected for the reverse reaction (Fig. 4F) . Additionally, 500 both reactions showed less than 5% of the WT efficiency in HT (Table 5) .
501
Due to the reversibility of the process producing the apparent de- and k obsHT-1 ones for all the FNR variants ( Fig. 5A and B, and NADPD, as well as for the reverse processes, resulted highly depen-518 dent on temperature ( Fig. 5A and B) , indicating high activation energies 519 (E a ) (Table 6) , particularly for the reaction of S80A FNR ox with NADPD. (Fig. 5A and B) , which produced an al-526 most temperature-independent KIE in the assayed range ( with the O4 atom of FAD (2.9 Å) than in the WT structure (3.17 Å) (Fig. 6A) . Another common characteristic in these structures, and in 580 contrast with the WT, is the orientation of Arg264 towards the 581 C-terminal, its guanidinium H-bonding the C-terminal carboxylate 582 of Tyr303 (Fig. 6A ). This interaction was already predicted by MD (Tables 3 and 5 ). This mutation also influences the affinity between
598
FNR and Fd as a function of their oxido-reduction states and of the I of 599 the media (Tables 1 and 4 , Fig. 3 
well as the stabilisation of CTCs during HT, being major changes reduced 630 to a decrease in k HT1 and k HT-1 within 2-fold regarding the WT (Tables 1,   631 3, 5 and 6). Regarding Fd, the mutation increases the affinity of the Fd rd :
632
FNR ox complex and the ET rate between them ( of the donor (C4n) and acceptor (N5i) atoms allows them to undergo 
